Commentary
Metabolic acidosis is common in critically ill patients admitted with hypovolaemic and/or septic shock. Following resuscitation with appropriate parenteral fluids, although the patient may be clinically improving, in terms of changes in blood pressure and urine output, repeat blood gas analysis may show a fall in arterial pH [1] . Similarly patients undergoing general anaesthesia may develop a metabolic acidosis intra-or postoperatively that spontaneously resolves within 24 h [2] . This fall in arterial pH may appear somewhat paradoxical compared to the clinical state. It was initially suggested that the administration of intravenous fluids produced a dilutional acidosis, because of a dilution of plasma bicarbonate, with continued tissue respiration and carbon dioxide generation [3] .
For optimal cell function, it is important to maintain intracellular homeostasis. Although blood plasma and interstitial fluid typically have a pH of 7.2-7.4, intracellular pH is usually lower: 6.1 for skeletal muscle and 6.9 for hepatocytes. The maintenance of intracellular pH depends upon both intracellular buffering involving proteins, organic and inorganic acids (phosphate, citrate, lactate moieties), and changing intracellular electrolyte composition via a number of cell membrane channels and transporters, including the Na exchangers. The maintenance of intracellular pH homeostasis is outside the scope of this commentary, but is dynamic and affected by the extracellular environment.
As the electrolyte and protein composition differs between the intracellular and extracellular environment, then the relative importance of different buffering systems varies. Several organ systems are involved in regulating extracellular pH. As bicarbonate is predominantly extracellular, the traditional approach to acid-base has centered on the Henderson-Hasselbalch equation [4] , relating pH to the relative concentrations of HCO 3 -to H 2 CO 3 . The lungs therefore play a pivotal role in controlling blood pH by regulating arterial gas CO 2 tensions, whereas the kidney and to a lesser extent bone matrix can regulate plasma bicarbonate concentrations.
Protein catabolism in healthy individuals produces around 1 mmol/kg of non-volatile and organic acids each day. The kidney secretes hydrogen ions into the urine where they are buffered by titratable buffers and/or ammonia, and so are excreted. The liver also has a major role in maintaining acid-base homeostasis by responding to metabolic acidosis by increasing glutamine and reducing urea synthesis, and to alkalosis by conversely increasing urea and reducing glutamine synthesis. Although a significant amount of volatile and organic acids and lactate are produced daily in the body, they are not accounted for in the Henderson-Hasselbalch equation. The importance of noncarbonated buffers was recognised by Van Slyke, and then by Siggard-Anderson and colleagues [5] , who developed the concept of base excess, which is now established in routine clinical practice.
More recently, Stewart proposed a different approach to acid-base disorders, based upon the laws of mass action and the conservation of both mass and electrical charge [6] . He introduced two novel variables into the acid-base equation: the strong ion difference (SID = Na ? ? K ? -Cl --Lactate -other strong anions) and the total weak acids (A Tot ) [7] . A simplified version of the Stewart equation:
where [A - ] is the concentration of weak noncarbonic acids, predominantly albumin and phosphate in normal healthy patients.
For example, using the Stewart model a metabolic acidosis would either have a low SID and high strong ion gap (SIG), including ketoacids, lactic acid, salicylate, formate, methanol, or a low SID and low SIG, such as renal tubular acidosis, total parenteral nutrition, saline infusions, anion exchange resins, diarrhoea and pancreatic losses. Conversely, using the Stewart approach a metabolic alkalosis will occur in cases of low albumin, such as nephrotic syndrome and hepatic cirrhosis and high SID due to chloride losses (vomiting, gastric drainage, diuretics, post-hypercapnoea, chloridorrhoea, mineralocorticoid excess, hyperaldosteronism, Cushing's syndrome, Liddle's syndrome, Bartter syndrome, exogenous corticosteroids, liquorice) or due to a sodium load with a weak base, including sodium acetate, citrate or lactate, such as Ringer's solution, haemofiltration/dialysate substitution/replacement fluids, blood products and total parenteral nutrition [8] . Lactate, acetate and citrate are predominantly metabolised by the liver and kidney, but also muscle, and can be indirectly converted through to bicarbonate. Haemofiltration and/or dialysates with low lactate and high chloride concentrations used for continuous renal replacement therapies [9] predispose to metabolic acidosis and vice versa [10] .
The advent of balanced solutions, containing less chloride with either lactate or acetate to maintain neutrality has led to an increased interest in the metabolic acidosis following intravenous fluid resuscitation [11] . As the addition of 0.9% saline would provide equal amounts of sodium and chloride, then both Doberer [12] and Gattinoni [13] have suggested that according to the Stewart approach there should be no change in SID, and as such this would not explain the acidosis observed post fluid resuscitation. Doberer and colleagues conducted a number of in vitro physico-chemical laboratory experiments, predominantly diluting alkaline solutions with a more neutral solution under either closed (constant PCO 2) or open (variable PCO 2 ) conditions, and showed that a dilutional acidosis was associated with a reduced SID, but this was a reflection of the dilutional effect per se and did not mechanistically explain the acidosis. The predominant cause of dilutional acidosis in their laboratory experiments was dilution of the bicarbonate buffer capacity, with continued carbon dioxide generation [14] . Gattinoni used an in vitro model of fresh frozen plasma diluted with distilled water, 0.9% saline and Ringer's lactate, and confirmed Doberer's result that in a closed system, pH did not fall with dilution.
Both Doberer and Gattinoni used in vitro experiments, but the situation in human plasma is somewhat more complex, as strong ions have a plasma water concentration, but also undergo electrochemical binding, depending upon fluid composition, pH and temperature, so that activity of the ion is less than the absolute concentration. For example, sodium has a plasma water concentration around 155 mmol/l, but an activity 142 mmol/l. Sodium has other key effects, in terms of anion transport, for example, exogenous sodium bicarbonate can reverse intracellular acidosis, whereas choline bicarbonate does not [15] .
In clinical practice appropriate fluid resuscitation leads to improved blood flow to perfusion dependent organs and tissues, such as muscle. This is typified in the management of diabetic ketoacidosis, when patients initially display insulin insensitivity or resistance, which then resolves as muscle blood supply improves. However, the improved tissue blood supply also leads to a ''wash out'' of lactate, organic acids and other intermediary metabolites of metabolism, increasing [A - ]. This probably accounts for the paradoxical fall in arterial pH in patients who are clinically improving following appropriate fluid resuscitation. 
